Over the past forty years, surface science has evolved to become both an atomic scale and a molecular scale science. Gerhard Ertl's group has made major contributions in the field of molecular scale surface science, focusing on vacuum studies of adsorption chemistry on single crystal surfaces. In this review, we outline three important aspects that led to the recent advances of surface chemistry: the development of concepts, in situ instruments for molecular scale surface studies at buried interfaces (solid-gas and solidliquid), and new model nanoparticle surface systems in addition to single crystals.
I. Introduction
Over the last several decades, surface science has undergone revolutionary advances that reveal on the atomic-and molecular-level structural, dynamic, compositional, and thermodynamic properties of surfaces that are utilized in chemical process development to correlate these data with adsorption and reaction rates and catalytic selectivity to deliver desired chemical properties (1) (2) (3) (4) (5) (6) (7) (8) (9) . In this review, we highlight recent studies of three important aspects in developing instrumentation, concepts, and model systems that permitted the rapid evolution of surface science.
Surface science evolved such that new instruments for surface analysis on the molecular scale could be used in a vacuum or at realistic conditions such as high pressures and at solid-liquid interfaces where the chemical processes typically operate (bridging the pressure gap) (10) . Surface science also led the studies of new nanomaterials that have increased reaction rates and improved chemical selectivity (bridging the materials gap) (8; 9) . Through molecular-scale investigations, new concepts were developed to understand how catalysts work at the molecular scale (11) .
We provide important surface phenomena revealed by vacuum studies on single crystal surfaces in Section II. We outline the development of in-situ instruments for molecular scale surface analysis in Section III. Section IV provides the concepts uncovered by surface science studies at high pressure. We highlight the evolution of model systems from the single crystal surfaces to colloid nanoparticle systems in Section V. Finally, in Section VI, we provide future directions of surface science that include the role of hot electrons in surface chemistry and heterogeneous catalysis, and molecular adsorption at hydrophobic and hydrophilic surfaces in water that are important in the chemistry of biointerfaces.
II. Phenomena revealed by surface science studies in vacuum 4
Vacuum studies on single crystal surfaces revealed a number of important surface phenomena, leading to new concepts in surface science. The instrumentation techniques developed for surface studies (12) include photon-in/electron-out (X-ray photoelectron spectroscopy (XPS)), electron-in/electron-out (low energy electron diffraction (LEED) surface crystallography and Auger electron spectroscopy (AES)), atomic or molecular beams, or ion beam in/ions out (secondary ion mass spectrometry (SIMS) and inelastic ion surface scattering (ISS) techniques). All of these techniques have high scattering cross sections that would not survive the presence of high pressure gas or liquid at the interfaces. In a vacuum, or at low pressures that permit high enough mean free paths for the exiting particle surface probes to be detectable, one could determine the surface composition with less than 1% of a monolayer sensitivity, electronic structures and oxidation states of surface atoms, and the surface structures of clean surfaces and adsorbed atoms and molecules with their bond distances and bond angles (13) . Usually, single crystals were used in these studies to serve as model surfaces. Figure 1 5 surface atoms (14) (15) (16) . Figure 1c shows atoms had a reaction probability of unitythat is, every hydrogen molecule was dissociated when scattered from the stepped platinum surface (19; 26) . When a defect-free platinum (111) crystal face was prepared, the dissociation probability of molecular hydrogen was below the detection limit of 10 -3 , (27) . This type of C-H bond breaking reaction cannot be detected at low pressures or in ultra-high vacuum. We need at least 1 Torr of methane colliding continuously with the platinum single crystal surface to detect the deposition of carbon atoms within 60 seconds. Such high pressure is absolutely essential to detect the formation of CH 3 molecules, and the subsequent rearrangement to C-CH 3 , C-H, and C 2 H molecular segments on the surface by vibrational spectroscopy. Thus, the surface is populated by sites where reaction probabilities to break or rearrange chemical bonds vary by orders of magnitude and, to access both the active and less active sites, high reactant pressures are needed. These results demonstrate the importance of surface science studies at high pressure.
III. Development of high-pressure instruments -bridging the pressure gap
In this section, we highlight three in-situ high pressure instruments, a high pressure-ultra high vacuum combined system, sum frequency generation (SFG) vibrational spectroscopy and scanning tunneling microscopy (STM). Figure 28-31). This is a surface specific technique that was developed in Berkeley, based on the principle of second harmonic generation (30) . One or both laser frequencies are tuned and spatially and temporally overlapped. By scanning one of the lasers in the infrared frequency regime a sum frequency signal is obtained, and thus a visible vibrational spectrum. Such a signal is forbidden from a centrosymmetric medium, such as the bulk of face centered cubic crystals or an isotropic high pressure gas or a liquid. However, at the surface that is not centrosymmetric, the second order susceptibility of non-zero is allowed, and the surface yields a vibrational spectrum that is monolayer sensitive. It is also able to give vibrational frequencies of adsorbed molecules at pressure ranging through 10-12 orders of magnitude. It was found that vibrational spectra of carbon monoxide and ethylene on Pt (111) surface are virtually pressure independent for these molecules adsorbed on the metal surface (32; 33).
Another technique that can be used at equally well high pressures and in an ultra high vacuum is STM (Figure 3b ).(5; 34-37). Although most researchers use this technique at low pressures, when it is used around 150 Torr one can see ordered surface structures of carbon monoxide that are not seen at low pressures. Due to the close packing of these molecules on the surface, there is an increase in repulsive interaction among molecules that leads to ordering, which is not observable at low pressures. In addition, the adsorption of various gases at high pressures often induces reconstruction of the surface due to the high coverage of strongly adsorbed atoms or molecules. It was found that the turnover rate of ethylene hydrogenation is proportional to the oxidemetal periphery area, even though the nanoparticles are poisoned, suggesting the oxidemetal interface functions as a reactive site(41).
Nanoparticles are prepared by colloid synthesis, and in this circumstance they are capped with a polymer to prevent their aggregation in the solution. These can be monodispersed of uniform size and shape and can be deposited as a two-dimensional film by the Langmuir-Blodgett technique (46) . The nanoparticles can also be deposited in a mesoporous three-dimensional oxide framework at much higher surface concentrations(47-50). The particle size and shape and the interface sites between the metal particles and the oxide where they are deposited are important aspects that control reaction selectivity(46; 51). The development of new model systems permit us to study phenomena associated with reduced dimensions, such as chemical activity and reaction selectivity variation due to metal nanoparticle size and shape, as well as the role of oxidemetal interfaces, which are fundamental questions in surface chemistry.
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VI. Future directions of molecular surface science
Two aspects of future directions in molecular surface science are provided in conclusion. The study of surface science at liquid-solid interfaces is an important task in bridging the pressure gap because the liquid has a thousand times higher density than gas in one atmosphere. We highlight the recent study of the detection of hot electrons generated on the metal thin film or nanoparticles during exothermic catalytic reactions by using a metal-oxide Schottky diode. 14 The ability to monitor the surface structure and orientation of adsorbed molecules with SFG as a function of applied potential is a unique feature of surface electrochemistry. The potential dependent structure of a water/acetonitrile mixture was explored on Pt (111) with SFG. Figure 7a shows the orientation change of acetonitrile as a function of potential of the platinum electrode (52) . The CN group is directed toward the metal at potentials where the metal has a positive charge. As the surface becomes less positively charged, the acetonitrile orientation flips 180° with the CH 3 group pointing toward the surface. We constructed a so called catalytic nanodiode (59) (60) (61) , which is composed of a metal of thickness less than the mean free path of hot electrons, deposited on a semiconductor surface, as shown in Figure 8a . When exothermic catalytic chemical reactions occur, we find that the heat transferred is converted to a hot electron flow that can pass through the metal film into the semiconductor which has a Schottky barrier (62; 63) , which allows the passing of energetic electrons in one direction but not in the other direction.
We place the diode into a catalytic reactor and we measure simultaneously the hot electron flow, which is often called "chemicurrent", and the turnover rate. We found that the turnover rate and the chemicurrent are correlated as a function of temperature. The influence of physical and chemical properties of Pt/TiO 2 , Pd/TiO 2 , and Pt/GaN metalsemiconductor Schottky diodes on the yield of collected hot electron flow (number of hot electrons per product molecule) was investigated (64) . It was found that the metalsemiconductor interface structure (roughness, grain size, and step-terrace) is important in controlling the magnitude of the chemicurrent yield.
Recently, we found that hot electrons generated on colloid nanoparticles can be directly detected on Au/TiO 2 diodes(65). The scheme of this device is shown in Figure 8b .
The role of Au/TiO 2 diodes is to have a catalytically inactive template diode with a continuous, thin Au layer that ensures that the metal nanoparticles are electrically connected to the device, permitting us to collect hot electrons during exothermic catalytic reactions. Furthermore, the influence of capping layers on the number of hot electrons collected per product molecule generated, also known as the chemicurrent yield, has been investigated. This detection scheme can be used to elucidate the role of the metal-oxide interface in heterogeneous catalysis for practical catalytic systems that involve highly dispersed nanoparticles deposited on an oxide.
The mechanism of how hot electron flows influence catalytic activity is being investigated. This shows the possibility to use hot electron flow to control catalytic activity, while the exothermic catalytic reaction provides the hot electron flow. Hot electron generation can be utilized as a new method for chemical energy conversion.
